Leukopenia is a serious, frequent side effect associated with azathioprine use. Currently, we use thiopurine methyltransferase (TPMT) testing to predict leukopenia in patients taking azathioprine. We hypothesized that a risk score incorporating additional clinical and genetic variables would improve the prediction of azathioprine-associated leukopenia. In the discovery phase, we developed four risk score models: (1) age, sex, and TPMT metabolizer status; (2) model 1 plus additional clinical variables; (3) sixty candidate single nucleotide polymorphisms; and (4) model 2 plus model 3. The area under the receiver-operating-characteristic curve (AUC) of the risk scores was 0.59 (95% CI: 0.54-0.64), 0.75 (0.71-0.80), 0.66 (0.61-0.71), and 0.78 (0.74-0.82) for models 1, 2, 3, and 4, respectively. During the replication phase, models 2 and 4 (AUC = 0.64, 95% CI: 0.59-0.70 and AUC = 0.63, 95% CI: 0.58-0.69, respectively) were significant in an independent group. Compared with TPMT testing alone, additional genetic and clinical variables improve the prediction of azathioprineassociated leukopenia.
Introduction
Azathioprine is used to treat patients with autoimmune conditions [1] , inflammatory bowel disease (IBD) [2, 3] , and postorgan transplantation [4] . It is among the most widely prescribed immunosuppressants in the United States, with more than 2.4 million prescriptions filled in 2016, according to the U.S. Department of Health and Human Services [5, 6] . Azathioprine is considered an essential drug by the World Health Organization, which signals its critical role in addressing health care needs [7] . Unfortunately, approximately half of patients receiving azathioprine develop adverse drug reactions ranging from mild to severe, and many patients discontinue treatment due to serious side effects.
One of the most serious side effects associated with azathioprine use is bone marrow suppression, which manifests as leukopenia in 2.5-10% of azathioprine users. Leukopenia is dose-limiting and potentially life-threatening [8] [9] [10] [11] [12] . In current clinical practice, the tools for predicting azathioprine-associated leukopenia are limited. The standard of care to predict azathioprine-associated leukopenia is to evaluate the enzyme thiopurine methyltransferase (TPMT) -either by functional assays or by the identification of variants in the gene TPMT, which encodes it. However, these TPMT-based approaches can predict only one out of four cases of severe bone marrow toxicity [13, 14] .
Leukopenia is dose-dependent, and azathioprine has a narrow therapeutic index [15] . Possible approaches to improve the prediction of azathioprine-associated leukopenia include accounting for the following: (1) medications that interact with azathioprine pharmacokinetically or pharmacodynamically; (2) comorbid conditions associated with leukopenia; and (3) genetic variants of enzymes involved in azathioprine metabolism [10] .
We hypothesized that a risk score composed of multiple clinical factors and select candidate genes-in addition to TPMT-could improve the prediction of azathioprineassociated leukopenia. To test this hypothesis, we conducted a pilot study in a large clinical practice-based DNA biobank.
Methods
The study was conducted using BioVU, a clinical practicebased biobank at Vanderbilt University Medical Center. This biobank stores DNA samples linked to a de-identified version of a patient's electronic health record (EHR), with all Health Insurance Portability and Accountability Act identifiers removed. BioVU's enrollment and biobanking approaches have been described in detail previously [16, 17] . In summary, the biobank incorporates diagnostic and procedure codes, demographics, clinical care notes, patient history, problem lists, laboratory values, and medications from which researchers can extract phenotypes, such as disease diagnoses and treatment outcomes [18] . Using natural language processing, we identified 6625 potential azathioprine users in BioVU. We selected a convenience sample of 425 individuals for our discovery phase; of the remaining potential users, 441 individuals met the criteria for the replication phase.
The study was approved by the Vanderbilt University Medical Center Institutional Review Board.
Discovery phase
From the potential azathioprine users in BioVU, we reviewed charts to build a convenience sample designed for a case-control study with a one:one case:control ratio. We initially identified 750 actual users, 325 cases and 325 controls. As our primary outcome, we defined cases as individuals who developed leukopenia (i.e., leukocyte count of less than 4000 WBC/µL) while receiving azathioprine. Subjects taking azathioprine who did not develop leukopenia were classified as control subjects. We presumed a 90-day window of use for each confirmed prescription of azathioprine and only considered laboratory results within those windows.
Based on the relatively small size of our sample for this pilot study, we further limited the study to Caucasians (as self-reported) in order to maintain enough power for our analysis. Patients were also required to be at least 18 years old. In order to minimize the effect on clinical care based on TPMT information, we then excluded patients with previous TPMT genotyping testing, as the results have the potential to impact azathioprine dosing. We further excluded patients with a medical history of myeloproliferative disorders or aplastic anemia for the potential impact of stem cell transplants on genetic testing; we also excluded patients with a white blood cell (WBC) count less than 4000 WBC/µL on the date of their first dose in our records to avoid associating existing leukopenia with azathioprine use falsely. Our final study group for the discovery phase included 425 patients, including 216 cases and 209 controls ( Fig. 1 ). For these patients, we collected the following demographic and clinical covariates from the EHRs: age at the first azathioprine dose, sex, median weight, azathioprine dose at the time of the low WBC measure, indication for azathioprine, use of concurrent therapies that interact pharmacokinetically with azathioprine (i.e., febuxostat and allopurinol), and concurrent use of other immunosuppressants that have the potential to amplify the risk of leukopenia (i.e., cyclophosphamide, methotrexate, mycophenolate, tacrolimus, and leflunomide).
We selected 71 SNPs in 17 genes for genotyping. The majority of these genes were chosen based on a relevant literature review of prior reported adverse events associated with azathioprine or associations with the metabolic pathway of azathioprine metabolism. We included SNPs in genes TPMT, XDH, MOCOS, ABCC4, ITPA, AOX1, GST, IMPDH1, IL6, and HLADQA1-DRB1 based on previous clinical research [8, 9, . We also genotyped an SNP in gene CXCL2, which is associated with benign leukopenia [50] [51] [52] . Finally, we included additional SNPs from genes TPMT, NUDT15, CMAHP, ST3GAL1, FBLN2, and NRXN3 identified during a preliminary interrogation of the existing genotypes in BioVU during the initial stages of this project. We performed genotyping using the Sequenom (Sequenom Inc., San Diego, CA, USA) and Taqman (Applied Biosystems Inc., Carlsbad, CA, USA) genotyping technologies. We subjected genotyping data to standard quality control (QC) procedures; these measures included removing SNPs with a call rate less than 95%, SNPs that deviated significantly from Hardy-Weinberg equilibrium (p < 0.001), and samples with missing data. From the initial list of 71 SNPs, we removed 5 SNPs from the analysis that did not meet QC standards and 6 that were in perfect linkage disequilibrium (r 2 = 1) with 1 of the remaining 60 SNPs. Thus, a total of 60 SNPs were included in our analysis (Supplementary Table 1 ).
Replication phase
For the replication phase, we built a computer-based algorithm to aid the identification of likely azathioprine users from among the potential users in BioVU. This algorithm used medication and lab data from the EHRs to identify periods of current azathioprine use, defined as a 90-day exposure window following an indicated use of azathioprine, with at least one WBC count during the exposure window. We estimated the algorithm's ability to predict azathioprine use through chart review of a statistically significant random sample of 134 potential azathioprine users. The algorithm correctly identified 53 of 65 actual users (positive predictive value of 81.54%) and 67 of 69 nonusers (negative predictive value of 97.10%) for an overall accuracy of 89.5% [53] . Among the 6200 individuals not in the final discovery sample, this algorithm identified 2792 additional likely users of azathioprine. For this phase, we limited the study to individuals who have Multi-Ethnic Genotyping Array (MEGA) genotype data available in BioVU and analyzed our SNPs of interest. MEGA is the most frequently used genotyping platform in BioVU, and we could include the largest number of individuals with existing genotyping data in the replication phase. This reduced our replication sample to 1110. We further restricted these patients using parallel guidelines to the discovery phase: self-identified Caucasians, at least 18 years old, without previous TPMT testing, and without leukopenia at their first dose. Similar to the discovery phase, we performed chart review to confirm azathioprine use and extracted relevant clinical variables from the EHRs. Our final replication group included 441 individuals, and they were classified as cases (n = 144) or controls (n = 297) based on the same standard as the discovery phase ( Fig. 1 ). We applied standard QC measures for genome-wide association studies [54] for the results of their MEGA genotyping data, and then used the Michigan imputation for the 1000 Genomes Project [55] to impute genotypes for 10 SNPs included in our analysis that are not available on the MEGA chip. To verify our imputation for the replication phase, we imputed the same SNPs for 265 patients included in the discovery phase, who also had MEGA genotyping available, and we then compared those results to the Sequenom and Taqman testing. Nine of ten were 100% consistent, and the tenth was 99.62% consistent. Results are included in Supplementary Table 1 .
TPMT metabolizer status
We determined TPMT metabolizer status using three variant alleles in the TPMT genotype: rs1142345, rs1800460, and rs1800462. We did not include rs1800584 because it was rare (<1% minor allele frequency) among persons of European ancestry-the predominant ancestry of our dataset-according to the HapMap Project and Genome Aggregation Database [56] . In order to replicate the standard of care for patients who receive an azathioprine prescription, we applied the dosing recommendation guidelines provided by the Clinical Pharmacogenetics Implementation Consortium to define TPMT metabolizer status: normal (homozygous wild type); intermediate (heterozygous); and low (homozygous variant) [57] . For the purposes of our analysis, we followed a prespecified classification of intermediate and low metabolizers together.
Statistical analyses
We present demographic and clinical characteristics data as number and percentages for categorical variables and as median and interquartile range (IQR) for continuous variables. We used Fisher's exact tests to compare binary categorical variables, chi-squared tests to compare polytomous categorical variables, and WilWe next completedcoxon's rank sum tests to compare continuous variables.
We completed the analysis in two phases. In phase one, we developed risk scores for leukopenia. We developed four models and then used the beta coefficients generated from each model to build weighted risk scores for azathioprine-associated leukopenia for each of the four models. Model 1 used multivariate logistic regression, including age, sex, and TPMT metabolizer status. Model 2 also used multivariate logistic regression and incorporated age, sex, weight, indication, azathioprine dose at low WBC, the concurrent use of xanthine oxidase inhibitors, the concurrent use of other immunosuppressants, and TPMT metabolizer status. Model 3 included candidate gene data. Given that we had multiple SNPs in close proximity and in order to minimize overfitting and alleviate collinearity, we used ridge regression for this model, which employs a standard cross-validated penalty to shrink the coefficients of the covariates. More specifically, we estimated lambda.min, which was the regression penalty associated with the minimum mean crossvalidated error, and lambda.1se, which was the largest penalty whose estimated error was within one standard error of this minimum; we then used the regression coefficient estimates associated with lambda.1se to generate the model 3 risk score. Model 4 included age, sex, weight, indication, azathioprine dose at low WBC, the concurrent use of xanthine oxidase inhibitors, and the concurrent use of other immunosuppressants, TPMT metabolizer status, and all candidate gene data. Given the possibility of overfitting and collinearity, as with model 3, we used ridge regression to estimate the beta coefficients for the fourth model risk score.
We next completed receiver-operating-characteristic (ROC) curve analysis to examine whether the risk score could discriminate between those patients who developed azathioprine-associated leukopenia versus those who did not. Results are reported as area under the curve (AUC). We further evaluated model 4 using restricted cubic splines and simple logistic regression, comparing Akaike information criterion (AIC) values. The best-fitted model (with the lowest AIC) was the simple regression, which we used to show the expected proportion of patients who develop leukopenia based on standardized model 4 risk scores.
As a sensitivity analysis, we developed scores and estimated AUCs for the secondary outcome of leukopenia defined as a leukocyte count of less than or equal to 3000 WBC/µL. We calculated results in two ways: (1) including and (2) excluding individuals who had a low leukocyte count between 3000 WBC/µL and 4000 WBC/µL as controls.
In phase two, we used the coefficients estimated from the discovery phase to calculate the risk scores for leukopenia in the replication phase. We then used those scores to calculate their respective AUCs. In addition, we combined the data from both phases and calculated the scores and associated AUCs for each of the four models.
All analyses were conducted using STATA version 16.0 (College Station, TX) or R version 3.4.3 for Windows. Codes will be available to academic researchers upon request. Table 1 shows the clinical characteristics of the patients included in the discovery and replication phases. In the discovery group, patients who developed leukopenia had statistically significant younger age at the first dose, lower median weight, diagnoses of systemic lupus erythematosus, organ transplants, and concurrent use of immunosuppressants compared with patients who did not develop leukopenia. In the replication group, leukopenia was associated with male sex, organ transplants, and the concurrent use of immunosuppressants.
Results

Risk scores for azathioprine-associated leukopenia
The discriminant capacity of the risk scores for azathioprine-associated leukopenia derived from model 1 (including TPMT metabolizer status, age, and sex) was statistically significant in the discovery phase (AUC = 0.59, 95% CI: 0.54-0.64), but the score was not replicated in a second, independent group (Table 2) . Likewise, the AUC for model 3 (candidate SNPs only) was significant in the discovery phase (AUC = 0.66, 95% CI: 0.61-0.71), but not significant in the replication phase. In contrast, the second and fourth models outperformed the first and third models. For the risk scores derived from model 2 (including TPMT metabolizer status, age, sex, weight, indication, azathioprine dose at low WBC, the concurrent use of xanthine oxidase inhibitors, and the concurrent use of other immunosuppressants), the ROC AUC was 0.75 (95% CI: 0.71-0.80) in the discovery phase and 0.64 (95% CI: 0.59-0.70) in the replication phase. The odds ratios generated from the multivariate logistic regression of model 2 in the discovery phase are reported in Supplementary Table 2 and are consistent with expected outcomes. For example, the odds ratio for low/intermediate TPMT metabolizer status in the discovery phase was 2.27 (95% CI: 1.04-4.95, p = 0.04).
Similarly surpassing the first model, the ROC AUC for the risk scores derived from model 4 (including TPMT metabolizer status, age, sex, weight, indication, azathioprine dose at low WBC, the concurrent use of xanthine oxidase inhibitors, the concurrent use of other immunosuppressants, and candidate SNPs) was 0.78 (95% CI: 0.74-0.82) in the discovery phase and 0.63 (95% CI: 0.58-0.69) in the replication phase.
Among patients with azathioprine-associated leukopenia in the discovery phase, the risk scores for model 4 (including all genetic and clinical data) ranged from −0.67 to 0.44 with a median (IQR) score of −0.03 (−0.18 to 0.11) among cases and −0.26 (−0.34 to −0.11) among control subjects. Supplementary Table 3 includes the beta coefficients derived from the discovery phase and applied in the replication phase for each variable in model 4. For accessibility, we then standardized the scores to a scale of 0-100 and then grouped the scores into deciles for the discovery phase. We applied the score ranges from the discovery phase to group the scores in the replication phase. Figure 2 shows the proportion of patients who developed leukopenia for each of these groups in the discovery and replication phases. We have also included the score ranges for each decile, along with the frequency of individuals in decile for both the discovery and replication phases. In order to analyze how well the score could predict the proportion of patients developing azathioprine-associated leukopenia in each score group, we used simple regression to determine expected proportions of patients developing leukopenia based on risk score. Figure 3 shows the expected (red line) proportion of patients developing leukopenia relative to risk score and observed (blue dot) proportion at the median risk score in each decile for the discovery and replication phases. Our results indicate that the risk scores for both models 2 and 4 have discriminating capacity for azathioprine-associated leukopenia (i.e., the percentage of individuals developing azathioprine-associated leukopenia increases in the higher score deciles). In a test of equality between the AUCs generated by models 2 and 4, the p value was not significant (p = 0.088). Combining clinical and candidate gene data into a risk score for azathioprine-associated leukopenia in. . .
Sensitivity analyses
A total of 107 patients developed azathioprine-associated leukopenia defined as leukocytes less than 3000 WBC/µL. When including patients with a low leukocyte count between 3000 and 4000 WBC/µL among controls, in the discovery phase, the ROC AUC for the model 1 risk scores (including TPMT metabolizer status, age, and sex) was 0.55 (95% CI: 0.49-0.62); for the model 2 risk scores (including TPMT metabolizer status and all clinical variables) was 0.76 (95% CI: 0.70-0.81); for the model 3 risk scores (candidate gene data) was 0.68 (95% CI: 0.62-0.74); and for the model 4 risk scores (including all clinical and genetic variables) was 0.79 (0.74-0.84). Results for models 2 and 4 were significant in the replication phase: AUCs of 0.70 (95% CI: 0.63-0.78) and 0.71 (0.64-0.77), respectively ( Table 2 , Sensitivity analysis 1). Results were similar, if slightly improved, when patients with a low leukocyte count were excluded from controls ( Table 2 , Sensitivity analysis 2). We also completed an analysis of our primary outcome (WBC < 4000/µL) with data from the two phases combined. As anticipated, the AUCs of the four models were significant and fell between our results in the discovery and replication phases: 0.55 (95% CI: 0.51-0.59), 0.70 (0.69-0.74), 0.60 (0.56-0.64), and 0.72 (0.69-0.76) for models 1, 2, 3, and 4, respectively ( 
Discussion
To the best of our knowledge this is the first study examining the combined role of clinical variables and genetic variants in models built with data from a wide range of patients, including those with different azathioprine indications. Our results indicate that, compared with TPMT metabolizer status (adjusted for age and sex) alone, a risk score that also incorporates additional important clinical variables, and candidate gene data improve the ability to discriminate those who will present with azathioprineassociated leukopenia and those who will not in routine clinical practice. While TPMT function and the TPMT genotype are wellestablished predictors of azathioprine-associated leukopenia, they do not predict the majority of cases of leukopenia [57] . Consequently, adding prespecified clinical variables and a more comprehensive list of candidate genetic variants into a risk score was the logical next step for improving the capacity to discriminate azathioprine-associated leukopenia. There are many methods for building risk scores. We chose an approach that combined clinical and genetic candidates that could account for as much variability as possible. Models including more data (e.g., clinical and genetic risk factors) may help us to clarify the function of common risk loci identified as possible contributors to azathioprineassociated leukopenia, while simultaneously accounting for classical risk factors and allowing for stratification based on clinical data [58] . Indeed, these inclusive models performed better than the current standard of care in our datasets. The use of a penalized regression was intended to limit overfitting and avoid collinearity as the number of variables grew.
While the prespecified primary outcome for this study was leukopenia defined as WBC < 4000/µL, the same set of variables also performed well for our secondary outcomenamely WBC < 3000/µL. This is encouraging for two reasons. First, consistent with the notion that the variables play a mechanistic role in the development of the phenotype, it is reassuring that models incorporating a combination of the same variables improved their performance with a more extreme phenotype. Second, although WBC < 4000/µL is a well-defined cut-off for leukopenia, WBC < 3000/µL is considered more clinically important and actionable.
Prior studies examining leukopenia associated with the use of azathioprine have focused on patients with a specific drug indication, such as IBD or vasculitis [55, 59] . Our approach of including different azathioprine indications, different medication doses, and multiple variables-such as co-administration of medications that interact with azathioprine through pharmacokinetic or pharmacodynamic mechanisms-aimed to improve the generalizability of the score as a potential clinical tool. Nevertheless, many steps are required prior to clinical implementation.
The study was constrained in several ways. First, although we made our best effort in data collection, missing data that were not recorded in the EHRs, lack of information regarding adherence, or use of over-the-counter medications not included in those records could potentially bias the results. Second, we acknowledge that the genetic data contributed less to the improved risk score than clinical data. In a test of equality between the AUCs generated by models 2 and 4, the p value was not significant (p = 0.088). This outcome may be the result of several factors: the number of genetic variants was small; the effect size of individual SNPs was limited; and/or some of our selections may have been suboptimal. We look forward to larger studies with the opportunity the select additional candidate genes and utilize additional unbiased analyses. Third, although we used penalized regressions to overcome overfitting for the more complex model, the sample size was relatively small. The lower AUCs in the replication phase indicate that further refinement and a larger sample size may improve the risk scores' performance. Fourth, we conducted a replication phase within BioVU from individuals selected for previous genotyping for other studies, which may have influenced the odds ratio for low/intermediate TPMT metabolizer status in the replication phase; thus, an external replication cohort will be desirable. Fifth, this pilot study was limited to Caucasians in order to provide enough power for analysis. We anticipate that risk scores may differ based on ethnicity, and we look forward to larger studies with sufficient power to account for the impact of race in a risk score(s). Lastly, we used a preselected candidate list. Our candidate list was generated prior to the study of the NUDT15 variant rs746071566 reported in Caucasians (minor allele frequency of~0.3% among Europeans per the 1000 Genomes Project and Genome Aggregation Database) [60] [61] [62] . Moreover, GWAS analysis may identify alternative SNPs or combinations of SNPs that contribute more to the predictive capacity of the risk score.
Despite these limitations, this study is a proof-of-concept that models with additional variables could perform better than the current standard of care-limited to TPMT function/TPMT variants-in predicting leukopenia associated with the use of azathioprine. Our results clearly demonstrate that increased attention to clinical variables enhance prediction, as evidenced by the increases in the predictive capacity of the risk score for the discovery cohort. Larger cohorts and the use of rich genotype data may further refine the predictive value of complex models.
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